Pollution of soil and groundwater by atrazine has become an increasing environmental 3 concern in the last decade. A phytoremediation test using plastic pots was conducted in order 4 to assess the ability of several crops and grasses to remove atrazine from a soil of low 5 permeability spiked with this herbicide. Four plant species were assessed for their ability to 
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INTRODUCTION 1 2
Atrazine (6-chloro-N-ethyl-N-isopropyl-1,3,5-triazine-2,4-diamine) is a selective systemic 3 herbicide used for the pre-and-post-emergence control of annual grasses and broadleaf weeds 4 being usually applied, among other crops, to corn, sorghum and sugar cane. Following its first 5 introduction into the market approximately 50 years ago, it has become one of the most 6 heavily used agricultural herbicides in the world, especially in the United States and 7 developing countries such as China (Jablonowski et al., 2011; Mudhoo and Garg, 2011) .
8
Atrazine has also been widely used in Europe until 2006, when its commercial use was 9 banned in the European Union.
11
Atrazine has a moderate aqueous solubility; nevertheless, it has the potential to act as both 12 non-point and point source for the contamination of surface and groundwater, due to its low 13 adsorption and moderate half-life in soils (Ribeiro et al., 2005; Fan and Song, 2014) . In fact, 14 high levels of atrazine have been detected in drinking waters in Europe and the USA (Mahía 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 friendly and does not produce secondary pollution. So, there is a bright future for the 1 phytoremediation of contaminated soils (Ibrahim et al., 2013) .
3
The uptake and translocation of organic compounds by plants are dependent on the physical-4 chemical characteristics of the pollutants, i.e. hydrophobicity (lipophilicity), solubility, 5 polarity and molecular weight, the plant species and environmental factors (Turgut, 2005) .
6
Atrazine is moderately hydrophilic (log K ow 2.5) and is likely to partially be adsorbed into 7 roots or to be taken up by roots and move across cell membranes to reach the above-ground 8 portion of plants. The fate of pesticides in the soil is strongly related to vegetation; in fact, 9 organic pollutants are usually removed more quickly in planted soils than in soils without 10 plants (Singh et al., 2004) . Rhizosphere, the narrow layer of soil together to plant roots, is a 11 zone of high microbiological activity, which is caused by root exudates containing 12 carbohydrates, amino acids and organics acids (Curl and Truelove, 1986) . Therefore, the use 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 and Lolium perenne (ryegrass), and the crop species Hordeum vulgare (barley) and Zea mays 1 (maize). These plant species were selected based on previous studies about biomass 2 production and survival capability in soils contaminated by atrazine and/or other organic 3 pollutants. Moreover, all of them have been reported to be effective in the removal of organics 4 by phytoremediation (Singh et al., 2004; Huang et al., 2007; Li et al., 2012; Ibrahim et al., 5 2013). and water holding capacity were determined according to the ASTM Standards D854 and 22 D2980, respectively. The soil was air dried and passed through a 2-mm sieve to remove 23 stones and any plant residues prior to the experiment. 24 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 particles. Roots and shoots were air-dried for seven days until they reached a constant weight.
8
Bulk soil was sampled at the end of the experiment; it was air-dried and disaggregated prior to 9 being analysed.
11
The experimental design of the phytoremediation test was a completely randomized design. Software was used for the analysis. significantly affected the growth of the grass species but not the crops ( Figure 1 ); 3 nevertheless, that decrease was less pronounced than that found for higher doses of atrazine.
4
On the whole, it can be said that the growth of the four plant species was markedly affected 5 by the 10 mg kg -1 dose of atrazine, maize being the most resistant plant for the lower doses. Table 3 shows the concentration of atrazine (ATR) residues, i.e., atrazine, deethylatrazine 
15
Shoot concentration of ATR residues was higher for grasses than crops, while the highest 16 values of root concentration were found for maize (Table 3 ). In general, ATR residues plant 17 concentrations increased as the pollution level of the soil was increased; nevertheless, some 18 variations were not statistically significant (p < 0.05, accumulation of atrazine and its metabolites was barley < tall fescue ≈ ryegrass < maize.
22
More specifically, the accumulation of ATR residues in tall fescue, barley and ryegrass was 23 between 4.2 and 36.2% of the total amount accumulated by maize. The superior ability of 24 maize to take up and accumulate atrazine could be attributed on one hand to its greater 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 biomass and on the other hand to its higher leaf surface, and therefore its higher transpiration 1 rate, which has been reported as one of the key factors related to the rate of absorption and 2 translocation of triazine herbicides (Burken and Schnoor, 1997; Lin et al., 2008) . significant correlation with plant biomass. Therefore, it can be concluded that the increase in 10 plant toxicity observed for increasing doses of atrazine applied to the soil (Section 3.1) can be 11 attributed to a higher uptake and accumulation of atrazine in the plant tissues. evidence that most ATR metabolites come mainly from the degradation inside the plants.
Moreover, it means that the ability of plants to degrade atrazine is limited and/or the atrazine 23 uptake is a process faster than its degradation inside the plant. The total amount of atrazine residues (atrazine, DEA and DIA) remaining in the soil after the 6 phytoremediation test is shown in Figure 3 . Firstly, it can be seen that regardless of the initial 7 dose of atrazine, the amounts of parent atrazine remaining in the soil of the planted pots after 8 the experiment were significantly lower (p < 0.05) than those of the unplanted ones (with the 9 exception of tall fescue for the 2 mg kg -1 soil dose) (Figure 3) . Specifically, the initial ATR of 10 the unplanted pots decreased by 63.1-78.2%, depending on the initial ATR dose, while the 11 reductions observed for the planted pots were in the range 88.6-99.6% (Table 4) . So, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 enhancement of atrazine dissipation by using several grasses (Henderson et al., 2007) or even 1 that it was greater in the non-planted soils (Fang et al., 2001) . roots (rhizodegradation) (Albright III et al., 2013; Fan and Song, 2014 ryegrass are C 3 plant species while maize is a C 4 species; the difference between these two 14 types of plant species in degradation and mineralization of atrazine in soils has been 15 previously reported (Lin et al., 2005 (Lin et al., , 2008 .The accumulation rates showed in Table 4 plant roots preferentially to DIA; this hypothesis is based on the fact that log K ow of DEA is 22 higher than that of DIA (1.52 vs 1.13, Table 2 ) and therefore, its transport through the 23 membranes of the roots would be easier (Briggs et al., 1982; Burken and Schnoor, 1997) . The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 different behaviour of maize again points out the specificity of phytodegradation pathways 1 and absorption mechanisms for different plant species (Lin et al., 2008; Li et al., 2012) . (atrazine, deethylatrazine and deisopropylatrazine) were mainly accumulated in shoots of tall 12 fescue, ryegrass and barley; conversely, root concentrations of ATR residues in maize were 13 higher than those of shoots. Maize accumulated a total amount of atrazine residues, much 14 higher than the rest of the plant species tested here; it was capable of accumulating up to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 1 3. Amadori, M.F., Rodrigues, M.B., Rebouças, C.C., Peralta-Zamora, P.G., Grassi, M.T., 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 26 Table 4 . Distribution of atrazine and its metabolites at the end of the phytoremediation experiment and atrazine removal from soils. a Calculated using only the amount of the parent atrazine remaining in the soil at the end of the experiment (2 nd row of the 
